Abstract-A novel miniature microstrip-fed multiband antenna for wireless local area network (WLAN) and X-band satellite communication applications is presented in this paper. The proposed antenna consists of two arc-shaped strips, dual inverted L-shaped parasitic stubs, and a partial ground plane. The proposed antenna can excite multi-resonant modes while achieving a compact size of 18 × 34.5 × 0.8 mm 3 . The measurement results show that −10 dB impedance bandwidths are 290 MHz (2.28-2.57 GHz), 1.27 GHz (5.0-6.27 GHz), and 850 MHz (7.11-7.96 GHz), which can cover the entire operation frequencies of WLAN (2.48-2.4835 GHz, 5.15-5.875 GHz) and X-band satellite communication system (7.25-7.75 GHz) applications.
INTRODUCTION
With the rapid development of wireless communication technologies, there are increasing demands for portable terminals to operate at many frequency bands. However, it remains a big challenge to accommodate many internal antennas in the limited space of mobile terminals. Therefore, multiband antennas are promising candidates for mobile terminals with many wireless communication services due to the capability of operating in several bands [1] [2] [3] . In recent years, a lot of remarkable research efforts have been made to develop multiband antennas [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] . A triple-band microstrip antenna consisting of F-shaped slot radiators and a defected ground plane was proposed in [1] . A multiband antenna comprising a circular radiating patch with a pair of rectangular slits and an inverted U-shaped slot was presented in [2] . The multiband antenna reported in [3] employs a reflecting ground plane to achieve high gain. Other techniques have been investigated to obtain multiband characteristics such as two circular rings and one open-ended circular ring [4] , cylindrical dielectric resonator [5] , and PIN diode switches [6] .
Most reported multiband antennas are for WLAN/WiMAX applications [1] [2] [3] [4] [5] [6] . Several promising multiband antennas have been reported for applications in GPS/WiMAX/WLAN [7] , LTE/GSM/UMTS and WLAN/WiMAX [8] , TD-LTE/WLAN/WiMAX [9] , and C-band/WLAN/International Telecommunications Union (ITU) [10] . In this paper, a multiband antenna for WLAN (2.4-2.4835 GHz, 5.15-5.875 GHz), and X-band satellite communication (7.25-7. 75 GHz) applications is proposed. The presented antenna consists of two arc-shaped strips, dual inverted L-shaped stubs and a partial ground plane. The presented structure and design methodology simplify multiband antenna design. Three operating frequency bands of the proposed antenna can be designed and tuned step by step. The effects of different physical parameters of the proposed antenna are discussed, and measurement results are presented.
ANTENNA DESIGN
The detailed geometrical structure of the proposed multiband antenna is shown in Figure 1 . The antenna consists of a 50 Ω microstrip feed line and two arc-shaped strips on the top side of the substrate, and dual inverted L-shaped stubs and a rectangular ground plane on the bottom side of the substrate. The length of arc-shaped strips A and B is set close to quarter-wavelength of the lowest resonant frequency (2.45 GHz) and the highest resonant frequency (7.5 GHz), respectively. Therefore, two separate resonant modes with good impedance bandwidth can be excited. The arc length of arc-shaped strip A and B can be calculated by:
where rad and R are the angle and radius of arc-shaped strip, respectively. c is the speed of light. ε r is the relative dielectric of the substrate, and f is the desired resonant frequency. Dual inverted L-shaped parasitic stubs are used to achieve the impedance bandwidth to cover the middle frequency band. The proposed antenna is fabricated on a low-cost FR4 substrate with a relative permittivity of 4.4, height of 0.8 mm, and a loss tangent of 0.02. As depicted in Table 1 , the proposed antenna shows relative compact size with a thin substrate and simpler geometry compared to other reported antennas. 
RESULTS AND DISCUSSIONS
In order to investigate the operation mechanism of the antenna, several physical parameters of the proposed geometry have been analyzed in the full-wave electromagnetic simulator. Figure 2 shows the reflection coefficients of the proposed antenna with different values of rad1. It shows that the value of rad1 affects all three frequency bands. This is because the arc length of arc-shaped strip A affects the electromagnetic coupling effects between strip A and dual inverted L-shaped stubs on the bottom side of the substrate. By tuning the angle of strip A, the lowest frequency bands can be obtained. Then we can tune other parameters to optimize the middle and highest frequency bands. Figure 3 shows the simulated reflection coefficient for different values of L4 which is one of the parameters of dual inverted L-shaped parasitic stubs. It is noted that the value of L4 affects the middle and highest frequency bands a lot while the lowest frequency bands remain almost unchanged. Therefore, the middle frequency bands can be optimized by L4. Finally, the value of rad2 can be optimized to obtain the highest frequency bands while the lowest and middle frequency bands remains almost fixed, as shown in Figure 4 . To further understand the physical mechanism of the proposed antenna, the vector current distributions for three different frequencies are illustrated in Figure 5 . Once the length of the conductors is larger than a quarter-wavelength, the vector current distributions may have current nodes where the current vanishes. It is clear that there is no current node on the radiator, and the current mainly follows on strip A and the whole microstrip line at 2.45 GHz, as shown in Figure 5 (a). As can be seen from Figure 5 (b), the surface current distribution on the dual inverted L-shaped stubs suggests that the value of L4 affects the resonance frequency of the middle frequency band. It can be observed that there are two current nodes on the radiator at 5.5 GHz. In Figure 5 (c), the current flows along strip B and dual inverted L-shaped stubs, which are responsible for the radiation mechanism at 7.5 GHz.
The optimized final dimensions are W s = 18 mm, Ls = 34.5 mm, W 1 = 2 mm, L1 = 1.5 mm, W 2 = 8 mm, L2 = 12 mm, W 3 = 7 mm, L3 = 3 mm, W 4 = 1.75 mm, L4 = 9 mm, L5 = 16 mm, L6 = 12 mm, R1 = 6 mm, R2 = 4 mm, R3 = 4 mm, R4 = 2.5 mm, rad1 = 196 • , and rad2 = 155 • . To validate the proposed design, a prototype has been fabricated and measured. The photographs of the prototyped antenna are shown in Figure 6 . Figure 7 depicts the measured and simulated results of the reflection coefficient of the proposed antenna. The measured reflection coefficients below −10 dB are 2.28-2.57 GHz, 5.0-6.27 GHz and 7.11-7.96 GHz, which can cover WLAN and satellite communication frequency bands. A good agreement between simulated and measured results can be observed in three operation frequency bands.
The normalized measured radiation patterns at 2.45 GHz, 5.5 GHz and 7.5 GHz are shown in Figure 8 , respectively. The solid and dash lines stand for co-polarization and cross-polarization, respectively. As shown in Figure 8 , the fabricated prototype exhibits nearly dipole-liked radiation patterns in the E-plane and omnidirectional radiation patterns in the H-plane at the respective bands. 
